Abstract -A Thomson coil type actuator is applied as the driving unit in an arc eliminator system. To eliminate the arc efficiently, the speed of the actuator is required as fast as possible with certain limit of the exciting current. Therefore, the dynamic characteristics of the Thomson coil type actuator should be analyzed in an effective way. In this paper, a novel solving technique has been developed based on the equivalent circuit model which is set up by dividing the conducting plate into multi segments. To guarantee the calculation accuracy and improve the calculation efficiency, an adaptive refinement algorithm is suggested based on the field continues condition. The proposed method has been verified by the FEM calculation and experiment. The influence of circuit and plate parameters to the performance of the actuator is also investigated, from which a reasonable set of parameters can be found.
Introduction
An arc due to a severe fault in a switchgear can result in a series of damage if the arcing time is long, such as high temperature, high pressure, and poisonous gases. Therefore, to feed the requirement of high service reliability and safety for personnel, a device named arc eliminator is developed for extinguishing the arc by bypassing the power current from the distribution line to a ground with a very high speed action in terms of just a few milliseconds. A short acting time means that no significant amount of energy has time to build up in the arc, therefore, no damage will be caused. For this reason, a fast response driving actuator is required to be taken as the driving unit of the arc eliminator.
Until now, several kinds of mechanism have been employed as the driving actuator, such as spring mechanism, electromagnetic actuator, linear motor driven mechanism and Thomson coil type actuator. Compare to other mechanisms, the Thomson coil type actuator utilizing the repulsion force between the exciting coil and the conducting plate responses much faster. Therefore, it is quite suitable to apply the Thomson coil type actuator in the arc eliminator system.
For the dynamic performance analysis of the Thomson coil type actuator, finite element method (FEM) is the most popular method. Although FEM is proven precise to solve this kind of problems, however, it is quite time consuming.
As there is no magnetic material in the Thomson coil type actuator, it is possible to analyze the property by using analytic equations, which is much more efficient than using FEM. Some researches about the numerical calculation of this kind electromechanical coupled problem using analytic equations have been done [1] - [3] . The key points of solving these kind problems accurately are the construction of equivalent model and the evaluation of parameters, here mainly means the calculation of inductance.
In this paper, a more accurate and efficient algorithm for analyzing the dynamic characteristics of Thomson coil type actuator is proposed. In the algorithm, the whole system is transferred into an equivalent circuit model by considering the influence of the eddy current. The repulsion plate is divided into many segments using adaptive segmentation method according to the distribution of eddy current, and each segment corresponds to one circuit with parameters of resistance, self inductance and mutual inductance with other circuits. The inductance is calculated by using an algorithm based on Bartky's transformation [4] . The state equations that abstract from the equivalent circuit model are solved by applying Runge-Kutta-Fehlberg method. This novel solving technique is tested by analyzing the dynamic characteristics of a high speed Thomson coil type actuator. By comparing with the FEM calculation results and experiment results, the proposed method is proven more accurate and efficient, at the same time, based on which, the analysis of the dynamic performance of the arc eliminator is done. Furthermore, the influence on the performance from different parameters including both the circuit parameters and the plate parameters are analyzed, through which the optimal parameters are found. Fig. 1 outlines the simplified structure of an arc eliminator employing a Thomson coil type actuator. The driving mechanism is mainly composed of exciting coils corresponding to opening and closing coils, and a moving plate with a contact that usually defined by high conductivity and light weight. The moving range of the plate is the area between the opening and closing coils. The other assistant elements such as the spring for supporting the plate will not be introduced here. The exciting current of the coils are supplied by capacitor bank, and this corresponds to a RLC series circuit as shown in Fig. 2 , where, Rc represents the inner resistance of the capacitor, and the resistance of the connecting wire is ignored. Switch S1 will be closed to charge the capacitors to a rated voltage.
Structure of the Arc Eliminator
In normal case, the normal current will flow along the distribution line, as labeled in Fig. 1 , and the plate stays at the open position. At this moment, the fixed contact and the moving contact are separated; therefore, there is no fault current flowing through the fixed and moving contacts. If an open arc due to a severe fault in the switchgear is detected by the arc monitoring system, then a trip signal is sent to close switch S 2 , due to which a pulse current will be generated in the RLC series circuit that will result in eddy current in the conducting plate. The electromagnetic repulsive force generated between the exciting coil and plate will drive the plate together with the moving contact away to the close position, at which the conducing path of fault current is constructed by the connection of fixed contact and moving contact. Therefore, the fault current will be bypassed to the ground through the conducting path. As the arcing time is very short, it will not cause any high pressure or any thermal damage at all. The arc eliminator will be reset by the opening coil after the fault is cleared.
It is important to generate a large repulsive force in short time, which will lead to a high speed of the plate and shorten the time of action. Therefore, step by step analysis of the transient electromagnetic field taking into consideration of the friction and load force is required to evaluate the drive efficiency of the actuator, as well as the influence of parameters such as circuit parameters and plate dimensions.
Analysis Method

The Equivalent Circuit Model and Solving Procedure
As the system is axial symmetrical, the exciting coil and plate are redrawn in RZ plane in Fig. 3 . As known, due to the skin effect, the distribution of eddy current is nonuniform. Therefore, to construct an equivalent circuit model that can represent the distribution of eddy current, the plate is divided into many small segments, and in each of which the eddy current density is assumed same as shown in Fig.  3 . The individual segment actually corresponds to a conductive ring with circuit parameters of resistance and inductance. The equivalent circuit model of the system is presented in Fig. 4 . Each segment is represented by one circuit loop with parameters of resistance, self inductance and mutual inductances with other circuits. The electromagnetic relationship between the exciting coil and plate is abstracted as the parameter of mutual inductance between exciting coil and each segment. L s is the self inductance of the exciting coil, while L sn is the mutual inductance between the exciting coil and the n-th segment. The basic calculation procedure of the proposed analytic method is shown as follows:
Step 1. The plate is initially divided into some segments uniformly and each segment corresponds to one circuit loop with parameters of resistance, self inductance and mutual inductance with other circuits.
Step 2. The self inductance of all segments and the exciting coil as well as the mutual inductance between them is calculated. As the mutual inductance is the function of displacement, the mutual inductance curves are constructed by using Bezier interpolation.
Step 3. The circuit equations are combined together with the motion equations to form the electromechanical coupled equations of the system.
Step 4. To use time stepping method, the whole calculation process is divided into multi time steps. At each time step, the circuit parameters are calculated and input into the state equations, and the ordinary differential equations is solved by using Runge-Kutta-Fehlberg method.
Step 5. The dynamic characteristics of the system such as the exciting current, displacement and speed are obtained.
Step 6. According to the calculation result of eddy current density error of each segment, the segments with bigger error will be refined into smaller segments. Then the calculation will return to step 2. The whole process will not stop until a convergent result is obtained.
Governing Equations
If the plate is divided into n segments, together with the exciting circuit, there are n+1 circuits. The equations for the exciting circuit and segments circuits are shown as follows:
where s R and s λ are the resistance and flux linkage of the exciting circuit. s I is the exciting current. Q and C stand for the charge and capacitance. i R and i λ are the resistance and flux linkage of the i-th circuit. i I stands for the eddy current in the i-th circuit. si L is the mutual inductance between the exciting circuit and i-th circuit. ij L is the mutual inductance between the i-th and j-th circuits. As there is no magnetic material in the system, the inductance only depends on the geometry dimension, so in (3) the derivative of mutual inductance to time can be written to the derivative to displacement multiplied by the speed of the plate. As the self inductance will not change with the relative position between the exciting coil and the plate, therefore, the derivative of the self inductance to the position is zero. Furthermore, all the segments move together as a whole plate, it is unnecessary to calculate the derivative of mutual inductance between two segments.
If all the inductance and eddy currents are known, the expressions of energy W and electromagnetic force em F are shown as follows:
It can be seen that the electromagnetic repulsion force is only decided by the derivative of the mutual inductance between the exciting coil and each segment, as well as the exciting current and the eddy current in each segment.
The motional equations are shown as follows: The dynamic state equations of the system can be obtained by combining (1)- (3) and (6)- (8) as follows:
where, em F can be calculated from (5). The dynamic characteristics can be obtained by solving these ordinary differential equations with initial conditions.
Self and Mutual Inductance Calculation
As mentioned before, the calculation of inductance is one key point to the whole calculation procedure. As the mutual inductance is just the function of structure in the nonmagnetic system, several ways can be adopted to calculate the inductance, for example, using FEM or using Grover's tables; however, to consider the integrality and continuity of the whole program, a method based on Bartky's transformation is chosen to solve the inductance in our problem. By this method the self and mutual inductance of and between any two coaxial circular coils can be calculated precisely.
To improve the efficiency of calculation, the inductance is calculated first before applying the Runge-KuttaFehlberg method. The mutual inductance and mutual inductance derivative curves are interpolated by using Bezier interpolation method.
Mathematically a parametric Bezier curve is defined as follows: 
here n, the degree of the defining Bernstein basis function and thus of the polynomial curve segment, is one less than the number of vertices of Bezier polygon which is numbered from 0 to n.
The derivative of the mutual inductance curve can be interpolated by using the first derivative of Bezier curve, shown as follows:
where , ,
Therefore, by applying the Bezier interpolation, the mutual inductance and derivative of mutual inductance curves are constructed and one example is shown in Fig. 5 .
During the calculation, the mutual inductance value and its derivative value will be got by using linear interpolation. Compare to the on-line calculation of inductance, using Bezier interpolation first and then using linear interpolation is proved more efficient. 
Adaptive Segmentation
A. Principle of Segmentation
The accuracy of the solution strongly depends on the segmentation of the conducting plate. Finer segmentation of the conducting plate, in general, gives more accurate performance with more computing time. Hence, in order to achieve precise performance analysis with less computing time, an adaptive segment refinement is developed.
According to the electromagnetic field theory, the tangential component of electric field intensity should be continuous at the interface of two segments. From this, together with Ohm's law, we get, at the interface of segments, the condition of 1
In this paper, local field continuity error for a segment (e), shown in Fig. 6 , is defined as follows:
where N e is the number of the neighboring segments of e-th segment, J (e) and J k are the eddy current densities of the eth segment and the k-th neighboring segment, respectively, l k is the length of the overlapped interface between e-th segment and the k-th neighboring segment.
In the first loop, the plate is initially divided into some segments uniformly, after the calculation is finished, the local error for all segments are computed, then the segments with big error will be refined into more segments. Therefore, during the next calculation loop the refined segments will be used instead of the old segments. The calculation will not stop until the result is convergent, which means that the refinement of the plate is reasonable enough to represent the distribution of the eddy current. 
B. Segmentation in One Dimension
To show the segmentation process more clearly, the segmentation is first executed in radial direction. As shown in Fig. 7 , the plate is initially divided into four segments along radial direction uniformly. After several calculation loops the plate will be refined more and more, especially in the area where the eddy current density varies sharply. The comparison of the distribution of eddy current density along radial direction of different calculation loops is shown in Fig. 8 . It can be easily seen that the initial distribution of eddy current density is quite rough, as the plate is divided into more segments; the distribution of eddy current density turns to a continuous curve. 
C. Segmentation in Two Dimensions
The eddy current does not only distribute nonuniformly in radial direction, but also in axial direction. Therefore, the segmentation should be implemented both in radial and axial directions. Fig. 9 shows the segmentation of the plate and distribution of eddy current density in two directions. As the number of segments increases, the distribution of the eddy current density becomes continuous. The skin effect can be shown clearly. (c) 348 segments Fig. 9 . Distribution of eddy current density and segme ntation of plate in radial and axial directions.
Verification of Result
As the numerical calculation of the proposed method is based on the segmentation model, the calculation accuracy and efficiency of this solving technique mainly depends on the number of segments and the time step size. The program based on the proposed method is used to analyze the dynamic characteristics of the Thomson coil type actuator which is also solved by using FEM. The winding form of the exciting coil is assumed uniformly, which is in the same situation dealt by FEM. The aluminum and copper are taken as the plate materials respectively. The comparison between the calculation results and experiment results are shown in Fig. 10 and Fig. 11 . As seen from the results, the calculation results of proposed method match very well with the FEM calculation results for both aluminum and copper plate if the winding form of the exciting coil is assumed uniformly. Compare to calculation results, the experiment results show the same changing trend with a tolerant error. This is mainly because the friction that exists in the experiment is not considered in the calculation. Other reasons such as the accuracy of the parameters and the variation of temperature also result in the error.
If the FEM result is taken as the reference, the maximum displacement relative error of the results of proposed method with different number of segments are shown in Table 1 . It can be easily seen that with FEM the computing time is about 10 hours, while by adopting the proposed method the computation time is less than 8 minutes even with 94 segments, which is much more efficient while has a good accuracy. Therefore, it is much more convenient and efficient by using the proposed method to analyze and design the high speed Thomson coil type actuator. 
Influence of Design Parameters
If the initial air gap between the exciting coil and plate is fixed to a value, then the parameters that influence the mechanical performance of the Thomson coil type actuator can be labeled as circuit parameters and plate parameters. The circuit parameters include the capacitance, inductance, resistance and the initial voltage of capacitor. Actually, the value of inductance and resistance depend on the parameters of the coil, which correspond to the diameter of the wire, the inner radius of the coil, the number of conductors per layer, and the number of layers, as shown in Fig. 12 . The plate parameters specify the plate thickness and the outer radius of the plate. All the parameters are shown in Table 2 , as well as the data range. To obtain a good performance of the Thomson coil type actuator, which means that get a big displacement in a short time, a set of reasonable parameters values should be selected among the data ranges. From the analysis of properties, it is known that the displacement of the plate is proportional to the exciting current. However, usually the maximum value of the exciting current is limited by electronic switches. Therefore, a reasonable combination of parameters should give a big displacement with a lower exciting current. The calculation related with different combinations of parameters is done by applying the proposed method. Fig. 13 shows the distribution of calculation results of different parameters combinations, and each point represented by the maximum exciting current and displacement stands for the calculation result of one combination of parameters. Among all the results, the one with bigger displacement and smaller exciting current is preferred. The preferred results are selected and redrawn in Fig. 14 . Therefore, to obtain a better performance of the system, the design parameters should be selected among the preferred results. To analyze the influence of parameters, some of the calculation results are redrawn in Fig. 15 . From the figure it can be seen that the results distribute in the form of some clusters. Actually, each cluster stands for one combination of circuit parameters, which means that the circuit parameters will decide the position of clusters in the figure. Therefore, a reasonable combination of circuit parameters will result in a good position of the corresponding cluster.
In one cluster, the circuit parameters for all points are same while only the plate parameters are different with each other. One cluster is taken out and redrawn in Fig. 16 and Fig. 17 . If the outer radius of the plate is fixed to certain value, then only one parameter, the thickness of the plate, will influence the result, as shown in Fig.16 . From the result it can be seen for each curve there is a maximum value when the thickness changes. The points that locate on the left side of the maximum point are reasonable while the one on the right side are not suitable as the displacement decreases when the exciting current increases. In the same way, if the thickness of the plate is fixed to certain value, then only the outer radius of plate will influence the result, the curves are shown in Fig. 17 . It can also be seen there exists a maximum value on each curve, the points that locate on the left side of the maximum point are reasonable. Therefore, if the circuit parameters are determined first, there exist best plate parameters which will give a good result. 
Conclusion
The dynamic characteristics of Thomson coil type actuator used in an arc eliminator have been analyzed by using a novel solving technique which is developed based on the equivalent circuit model. Considering the influence of skin effect, the conducting plate is divided into many segments.
An adaptive segment refinement algorithm based on the field continuity condition is proposed to get minimum segments number of the conducting plate for precise performance analysis. This solving technique is quite efficient, which is important for designing and analyzing electromagnetic devices. The experiment result is also compared with analysis result, and it shows the same changing trend which proves the correctness of calculation result. The influence of parameters is observed by the calculation with different parameters combinations, through which a set of reasonable design parameters that gives a big displacement with a small exciting current can be found.
